We present a spiking network model that transforms odor-dependent variable-latency olfactory 2 bulb responses into a cortical ensemble code. In the model, which captures basic circuit properties 3 of piriform cortex, the impact of the earliest-activated bulb inputs on the cortical response is am-4 plified by diffuse recurrent collateral excitation, which then recruits strong feedback inhibition that 5 stabilizes cortical activity and decreases the impact of later-responding glomeruli. Because the 6 sequence of olfactory bulb activity for a particular odor is preserved across concentration, the en-7 semble of activated cortical neurons is robust to concentration changes. Nevertheless, odor con-8 centration is represented by the latency and synchrony of the ensemble response. Using decoding 9 techniques, we show that the ensemble-based coding scheme that arises in the cortical model sup-10
INTRODUCTION 12
The coding schemes used to represent odors in the olfactory bulb and piriform cortex (PCx) are 13 different. In the bulb, odorants sequentially activate distinct subsets of glomeruli causing mitral 14 and tufted cells (MTCs) to begin firing at various odor-and cell-specific latencies following the 15 onset of inhalation (Spors and architecture of PCx to explore the mechanisms that support the transformation from a bulbar la-22 tency to a cortical ensemble odor code. 23
24
In mammals, odor perception begins when volatile molecules are inhaled and bind to odorant re-25 ceptors expressed by olfactory sensory neurons (OSNs) in the nasal epithelium. Each OSN ex-26 presses just one of ~1000 different odorant receptor genes, and all OSNs expressing a given re-27 ceptor converge on a unique pair of glomeruli in the olfactory bulb (Wilson and Mainen 2006) . hypothesis by providing a mechanism for its implementation in piriform cortex. 58 latency code in the bulb to the ensemble code in PCx is implemented. We developed a spiking 61 network model that simulates patterns of odor-evoked mitral cell activity, and this provides input 62 to a spiking network mode that captures the specific circuit properties of PCx. We simulated bulb 63 and PCx spiking activity over the course of a single respiration cycle consisting of a 100 ms exha-64 lation followed by a 200 ms inhalation. 65
Odors activate distinct ensembles of piriform neurons 66
Our model bulb consisted of 900 glomeruli that are each innervated by a unique family of 25 mitral 67 cells. Odor identities are defined by sets of glomerular onset latencies so that different odors acti-68 vate specific subsets of glomeruli and their associated mitral cells with odor-specific latencies after 69 the onset of inhalation ( Figure 1A , Supplemental Figure S1 , and Methods). At our reference con-70 centration, 10% of the glomeruli are activated during the 200 ms sniff. Spiking rate for the population of pyramidal cells is shown at the bottom (average of 6 trials). Note that the earliest activated glomeruli initiate a cascade of pyramidal cell spiking that peaks after ~50 ms and is abruptly truncated by synchronous spiking of FBIs. (B) Single-trial voltage traces (black) for 3 pyramidal cells in response to the same odor. Inhalation onset is indicated by the dashed line. The red traces show the bulb input and the green traces the recurrent input received by each cell. Cell 1 receives strong bulb input and spikes soon after odor presentation. Cell 2 receives subthreshold input from the bulb and only spikes after receiving addition recurrent input from other pyramidal cells. Cell 3 receives no early odor-evoked input from the bulb, and its recurrent input is subthreshold, so it does not spike over the time period shown. help activate even more pyramidal cells receiving even less bulb input. The result is an explosive 134 increase in total pyramidal cell activity, and therefore a steady increase in the strength of recurrent 135 excitation. However, recurrent excitation onto feedback inhibitory neurons is stronger than onto 136 other pyramidal cells so that feedback inhibitory neurons are recruited before pyramidal cells that 137
have not received any direct bulb input. Thus, feedback inhibition quickly halts the explosive 138 growth of pyramidal cell firing because pure recurrent input always remains subthreshold for py-139 ramidal cells, thereby maintaining the odor-specificity of the cortical ensemble. 140
141

Specific roles for different circuit elements in shaping cortical responses 142
To reveal the specific roles that different circuit elements play in shaping piriform output we com-143 pared responses in the full circuit with those obtained after removing different circuit elements 144 (Figure 3 ). The same odor stimulus was used in all cases, so input from the olfactory bulb is iden-145 tical except for the trial-to-trial stochasticity of mitral cell spiking. We first compared responses in 146 the full circuit ( Figure 3A ) with those in a purely feedforward network in which pyramidal cells 147 only receive mitral cell inputs ( Figure 3B ). In this highly reduced, feedforward circuit, pyramidal 148 cell spiking activity grows more slowly, without any strong initial transient, and it tracks the num-149 ber of spiking mitral cells. In the absence of either feedforward or feedback inhibition, the cortical 150 response continues to grow over the course of the sniff as more glomeruli are activated ( Figure  151 1A), so that a large fraction of cells respond at some point during the course of the entire sniff. 152
153
We next examined networks without feedforward or feedback inhibition, or without recurrent ex-154 citation and excitatory input to feedback interneurons. Eliminating only feedforward inhibition 155 increases the amplitude of the peak pyramidal response by about 50%, although the general shape 156 of the population response is largely unchanged ( Figure 3C ,E) and the fraction of cells activated 157 over the entire sniff only increases modestly (from 13% to 16%). When we selectively eliminated 158 feedback inhibition, odor induces unchecked runaway recurrent excitation, and all the cells end up 159 The previous analysis showed that population spiking peaks early when recurrent excitation is 170 present (Figures 3A,C) but ramps up more slowly when it is eliminated ( Figures 3B,D) , indicating 171 a key role for intracortical circuitry in amplifying the initial response. We examined this directly 172 by comparing population spiking to the sequential activation of individual glomeruli ( Figure 4A) . 173
In the full network, population spiking peaks 34 ± 8.3 ms after inhalation onset (mean ± st. dev. 174 for 6 odors with ensemble averages of 6 trials per odor, at the reference concentration; Figure  175 4B,C). At this time, only 15 ± 1.4 glomeruli have been activated out of the 95 ± 6.0 glomeruli that 176 will eventually be activated across the full sniff. In other words, at its peak, PCx activity is driven 177 by the earliest ~15% of activated glomeruli. Mean responses peak slightly earlier when feedfor-178 ward inhibition is eliminated (28 ± 4.5 ms; Figure 4B ), but the peak activity is still driven by a 179 similar number of glomeruli (12 ± 0.80 glomeruli; Figure 4C) ; on individual trials, the peak re-180 sponse is larger without feedforward inhibition ( Figure 3C ,D), but this difference is not capturedin the average responses). In contrast, population spiking peaks much later without recurrent exci-182 tation (139 ± 29 ms) at a time when most of the responsive glomeruli have been activated (66 ± 183 0.44; Figure 4C ). Recurrent excitation therefore plays an important role in shaping the dynamics 184 5C) and total population spiking ( Figure 5D ). However, this increase is fairly uniform across con-235 centrations and removing feedforward inhibition does not substantially change the gain of the re-236 sponse (i.e. how rapidly these responses vary with input strength; Figure 5C&D ), indicating that 237 the effect of feedforward inhibition is largely subtractive. In contrast, eliminating recurrent exci-238 tation and feedback inhibition destroys concentration invariance by dramatically increasing re-239 sponse gain, indicating that they implement divisive normalization (Carandini and Heeger 2012) . 240
Interestingly, cortical output is decreased at low odor concentrations when recurrent excitatory and 241 feedback inhibition are removed, indicating that recurrent collateral excitation amplifies cortical 242 output in response to weak input ( Figure 5C&D) . 243 244
Early-activated PCx cells support concentration-invariant odor recognition 245
Because the sequence of glomerular activation latencies is preserved across concentrations, odor 246 representations defined largely by the earliest activated glomeruli could support concentration-247 invariant odor recognition. We therefore asked whether the cortical odor representation in our 248 model was well-suited to this purpose. Specifically, we next asked if a downstream observer could 249 reliably identify an odor using population spiking, and whether the odor can be recognized when 250 presented at different concentrations. To do this we trained a perceptron to identify a specific odor 251 at one concentration (10% active glomeruli) and then asked how well it could identify that odor 252 presented at different concentrations. We used spike counts over either the full 200 ms inhalation 253 or the first 50 ms as input. Perceptron performance was excellent when trained and tested at a 254 single concentration, indicating that despite considerable trial-to-trial variability, responses to dif-255 ferent odors can be distinguished reliably ( Figure 5E ). We then examined classifier performance 256 when tested on different concentrations without retraining. Performance using the full 200 ms re-257 sponse was generally excellent but fell off at both the lowest and highest concentrations. However, 258 classification using only the early transient response as input was essentially perfect across all 259 tested concentrations. This decoding analysis supports the idea that the earliest cortical response 260 provides an especially good substrate for concentration-invariant odor identification. 261
262
Strategies for encoding odor intensity 263
How is odor intensity represented in PCx? Because both the number of responsive neurons and 264 total spiking are relatively constant across concentrations ( Figure 5C -E), spike rate seems unlikely 265 to be used to represent intensity. We therefore examined the dynamics of population spiking in 266 response to odors at different concentrations ( Figure 6A ). As with the mitral cell activity, cortical 267 response latencies decrease at higher concentrations by a factor of about 2 over a 10-fold increase 268 in input from bulb ( Figure 6B ), suggesting that a latency code could be used. We also found that 269 the peak of the population response increases by more than a factor of 5 over this range of odor 270 concentration ( Figure 6C ). Given that total spike output is largely constant, this result indicates 271 that the synchrony of the population piriform response is particularly concentration-dependent. 272
Furthermore, unlike latency, synchrony thus provides an representation of odor intensity that does 273 not require an external reference. The increase in synchrony occurs primarily because activation 274 latencies of the earliest responding glomeruli, which cannot be activated before inhalation onset, 275 compress as odor concentrations increase. causing responses to become more coincident. Thus, 276 the early peak in the PCx response can be used to rapidly decode both odor identity and concentra-277 tion. 278 earliest responsive glomeruli and discounts the impact of glomeruli that respond later. Why would 348 a sensory system discard so much information about the stimulus? To represent a large extent of 349 potential odorant space, the olfactory system employs a huge number of distinct odorant receptors 350 that are each highly selective for a small fraction of potential odorants. Thus, any given odorant 351 will strongly activate only a few, optimally-tuned receptors, while many other receptors will be 352 moderately or weakly activated if they receive input from sensory neurons expressing receptors 353 with lower affinity for the odor, especially at high concentrations. However, the few odorant re-354 ceptors with the highest affinities to a given odorant will always be more strongly activated, and 355 therefore their associated glomeruli and MTCs will be activated earlier than those receiving input 356 from lower affinity receptors, regardless of odorant concentration. By defining odors according to 357 the earliest responding glomeruli, the olfactory system retains the specificity of the odor represen-358 tation and discards spurious information provided by non-specific receptor activations. 359
Model olfactory bulb 362
The model bulb includes 900 glomeruli with 25 model mitral cells assigned to each glumerulus. 363
Odor concentrations are defined by specifying a fraction f of glomeruli that respond to an odor at 364 that concentration. Then, for every odor, each glomerulus is assigned a reference onset latency 365 between 0 to 200 ms. At our reference concentration 10% of the glomeruli have onset latencies 366 <200 ms. The actual glomerular onset latencies for a given concentration are then obtained by 367 dividing the set of reference latencies by f. Glomeruli with latencies longer than the duration of 368 the inhalation are not activated. Mitral cell spiking is modeled as a Poisson process that generates 369 action potentials at specified rates; baseline spike rate is 1-2 Hz, which steps to 100 Hz when a 370 glomerulus is activated and then decays back to baseline with a time constant of 50 ms. This Pois-371
son-generated mitral cell spiking introduces stochasticity into our olfactory bulb model. 
It is useful to describe the strengths of the different synapses we have discussed in terms of unitary 423 PSP sizes rather than using the parameters given above. Using the constants we have given and 424 the synaptic and membrane dynamics, we calculated peak EPSPs and IPSPs. All inhibitory inputs 425 create IPSPs at the postsynaptic cell with a peak deflection of . EPSPs from mitral cell produce . 426
The EPSP for input from pyramidal to pyramidal or to FBI cell has or respectively. 
